Property tuning in selected examples of D-p-A molecules has been discussed and summarized in this review article. The tuning and structure-property relationships have been demonstrated on the particular A, p and D parts of the push-pull molecule. Special emphasis has been put on the tuning of the FMO levels and optical properties. Further prospective applications of the given chromophore have also been considered.
Introduction
Nowadays, organic molecules with a delocalized p-system of electrons represent attractive targets for application in advanced functional materials. Due to their easy synthesis, well-dened and tuneable structure, molecular arrangement, and predictable, peculiar and unique properties, (hetero)aromatic p-conjugated systems are a notable feature of materials science. Within the last four or ve decades, organic p-systems have become an extensively investigated, burgeoning area of organic chemistry, and have found widespread applications across various branches of modern research. They can be found as active substances in organic electronics and optoelectronics, 1 conductors, 2 photovoltaics 3 and solar photon conversion. 4 Based on the development in these elds, and in parallel to widely explored inorganic analogues, organic devices such as eld-effect transistors (OFET), 5 light-emitting diodes (OLED), 6 photovoltaic cells (OPVC), 7 dye-sensitizing solar cells (DSSC) 8 and bulk-heterojunction solar cells (BHJ) 9 belong to well established and known applications of p-conjugated molecules.
Organic p-systems end-capped with an electron donor (D) and an electron acceptor (A) represent a subclass of the aforementioned molecules widely known as push-pull systems. D-A interaction, or so-called intramolecular charge-transfer (ICT), in such D-p-A molecules accounts for even more distinct optoelectronic properties. Due to the D-A interaction, a new lowenergy molecular orbital (MO) is being formed. Facile excitation of the electrons within the new MO can be achieved using visible light, and therefore push-pull molecules are generally coloured and referred to as charge-transfer chromophores. 10 The ICT is also responsible for the polarization of the push-pull chromophore and generation of a molecular dipole. The extent of the ICT can be expressed by two limiting resonance forms, as shown in Fig. 1 for a simple D-p-A model based on nitroaniline. The impact of the ICT on the optical properties of pconjugated molecules can be demonstrated by the UV/Vis absorption spectra measured for aniline, nitrobenzene, 4nitroaniline and 3-nitroaniline ( Fig. 1) . Whereas for the rst two compounds only absorption in the UV region is being observed, 4-nitroaniline showed intense and bathochromically shied longest-wavelength absorption maxima (CT-band). On the contrary, 3-nitroaniline showed only a diminished CT-band as a result of a non-conjugating arrangement of the amino donor and the nitro acceptor.
Typical electron donors D are represented by the substituents with +M/+I effects such as OH, NH 2 , OR and NR 2 , heterocyclic moieties such as thiophene 11 and proaromatic pyran-4ylidines 12 as well as some metallocenes. 13, 14 On the other hand, the most used electron acceptors A involve substituents featuring ÀM/ÀI effects such as NO 2 , CN, CHO and electron decient heterocyclic compounds such as (di)azines, 15 benzothiazole 16 and imidazole. 17 Table 1 compares the electronic properties of selected electron withdrawing and donating groups used as A/D parts of push-pull molecules through the Hammett s p and Pytela s i substitution constants. 18 The data in Table 1 rationalizes why substituents such as nitro/cyano and N,N-dimethylamino are among the strongest and most widely used electron acceptors and donors. Beside these groups, less common (peruoro)sulfo(a)nyl and ferrocenyl groups also impart notable electronic effects (resonance and inductive) to push-pull molecules, as indicated by their high s p constants. Compared to N,N-dialkylamino (s p ¼ À0. 83 ), the increasingly popular N,N-diphenyl(aryl)amino group (s p ¼ À0. 56 ) possesses a lower donating ability, most likely due to a partial delocalization of the amine lone electron pair to the appended phenyls(aryls), which are generally arranged in a nonplanar manner. In modern push-pull chromophores, the pconjugated path is created by a combination of multiple bonds (olenic and acetylenic scaffolding) 10 and aromatic (mostly benzenoids) 10 or heteroaromatic spacers. 15, 17 Push-pull molecules may adopt several arrangements. The most widely utilized are linear (D-p-A), quadrupolar (D-p-A-p-D or A-p-D-p-A) and octupolar/tripodal ((D-p) 3 -A or (A-p) 3 -D) systems. However, push-pull molecules were also reported with extraordinary arrangements such as V-(ref. 19 ), Y-(ref. 17 ), H-(ref. 20) and X-shapes. [21] [22] [23] Besides the aforementioned general use of organic pconjugated molecules, push-pull molecules found predominant applications as chromophores with nonlinear optical (NLO) properties, 24 electro-optic 25 and piezochromic 26 materials, NLO switches, 27 photochromic 28 and solvatochromic probes 29 as well as active layers in DSSCs. 8 The second-and third-order optical nonlinearities of push-pull molecules are mainly affected by the extent of the ICT, and thus result in pre-polarization of the p-system. 30 In principle, the ICT and the corresponding HOMO-LUMO gap, optical properties and NLO response can be tailored by (i) attaching electron donors and acceptors of various electronic nature, (ii) assuring efficient D-A interaction, (iii) extension, composition and spatial arrangement of the p-linker, (iv) reducing the bond-length alternation (BLA) of the p-system and (v) planarization of the entire molecule. 31 Hence, in the following text will be reviewed recent examples of push-pull chromophores. The main purpose of this article is not to comprehensively review all available push-pull molecules but rather to demonstrate the fundamental principles of property tuning on suitable examples. Structural aspects and relationships mainly affecting the energies of the frontier molecular orbitals as well as the optical properties will be discussed. The inuence of such tuning on the prospective application of the given chromophore will also be considered. The property tuning will be discussed according to the part of the D-p-A system involved (donor, p-system and acceptor).
Tuning through the donor
The most widely employed electron donors in push-pull molecules involve functional groups possessing +M effect such as N,N-dialkylamino (typically N,N-dimethylamino), alkoxy groups (typically methoxy) as well as auxiliary electron donors, such as electron rich ve-membered heteroaromates (typically thiophene) or organometallic compounds (typically ferrocene). The molecular properties of D-p-A systems can be tailored by its replacement (stronger/weaker), addition (one or more donors) or position (conjugating/nonconjugating arrangement) of the electron donor. In 2010, we published a series of donorsubstituted D-p-A molecules 1-6 bearing a 1-methylimidazole-4,5-dicarbonitrile acceptor (dicyanoimidazole (DCI), Fig. 2 ). 32,17,30f In this systematic study, property tuning has been achieved by increasing the donating ability of the appended donors (H < MeO < Me 2 N) as well as the p-system extension. More recently, the series a-c have been completed by analogous compounds d bearing a ferrocenyl donor. 14a The synthesis of compounds 1-6 involves Suzuki-Miyaura cross-coupling of donor substituted boronic acids or their pinacol esters 33 with a 2-bromo-DCI precursor. For a demonstration of the impact of the electron donor, we can select compounds 3a-d bearing a styryl p-linker. Among others, the molecular structure and spatial arrangement of the methoxy and ferrocenyl substituted chromophores 3b and 3d are shown in Fig. 3 . As can be seen, the DCI acceptor and the styryl linker adopt a planar arrangement, which assures an efficient D-A interaction. Electrochemically measured HOMO and LUMO levels and their differences E g as well as the positions of the longest wavelength absorption maxima l max are summarized in Table 2 . However, for better understanding, the data is also presented as an energy level diagram ( Fig. 4 ) and a UV/Vis absorption spectrum ( Fig. 5 ).
While the LUMO levels remained almost unaltered (E LUMO ¼ À2.78 to À2.62 eV), the principle changes were observed in the HOMO energies (E HOMO ¼ À6.15 to À4.87 eV). Considering the identical acceptor and the styryl p-system in all chromophores, the observed changes clearly reect various electronic . 4 ). Further addition of donors such as the N,N-dimethylamino (3c) or ferrocenyl (3d) groups resulted in the decrease of E g to 2.50 and 2.20 eV, respectively. Hence, the HOMO level and thus resulting E g of a given acceptor substituted p-system can be tuned very easily and efficiently by a variation of the donor (DE g ¼ 1.17 eV). The DFT-derived HOMO and LUMO in chromophore 3c are visualized in Fig. 4 . 35 As expected, the HOMO is localized on the donating N,N-dimethylanilino moiety, while the LUMO is 38 Würthner demonstrated substituent variation on a 2,2 0 -bithiophene scaffold 7a-e end-capped with a nitro acceptor, Perry and Brédas focused experimentally/theoretically on the donor-acceptor diphenylacetylenes 8a-e and Marder showed highly polarizable push-pull imines based on 2,6-ditert-butylindoanilines 9a-f ( Fig. 6 ). All these push-pull molecules were investigated as efficient NLO phores (Table 3) . Electron donors are represented by the hydrogen, bromo, methoxy, methylthio, amino, N-methylamino, N,N-dimethylamino and 1pyrrolidino (PyN) groups. Optoelectronic properties of pushpull molecules 7-9 were evaluated by means of their ground state dipole moment m, its change upon excitation Dm, the position of the longest-wavelength absorption maxima (including solvatochromism), as well as the rst molecular hyperpolarizability b 0 (EFISH). As a general trend, bathochromic shi of the CT-band, raised dipole moment and its change upon excitation and increased magnitude of b 0 have been observed with increasing donor strength. The most bathochromically shied l max and highest nonlinear optical responses were measured for push-pull molecules bearing a N,N-dimethylamino donor. In any case the high donating character of pyrolidin-1-yl as in 7e should not be neglected. Two methoxy groups attached at the conjugated positions 2 and 4 (9e vs. 9d) caused an additional bathochromic shi of 29 nm, however the impact on the rst hyperpolarizability is diminished. The MeS donor seems to be slightly more efficient than MeO. It red-shis the CT-band similarly to MeO, however, due to the presence of the polarizable sulphur atom, NLO phores 7c, 8b and 9c undergo large changes in the dipole moment upon excitation and are slightly more polarized than 7b, 8a and 9d (Table 3) . Besides the aforementioned contributions, Marder, Brédas, Perry, Cheng and others have developed the concept of a well-balanced donor/acceptor/p-system, which proved to be very crucial for the optimization of the NLO performance of organic D-p-A systems. 39 More recently, Blanchard-Desce et al. reported NLO-active donor-acceptor polyenes 10a-c and push-pull arylbithiophenes 11a-c with efficient uorescence and two-photon absorption ( Fig. 7) . 40 Both p-conjugated scaffolds were endcapped with N,N 0 -diethylthiobarbituric acid as an acceptor, while H, MeO, Me 2 N, N,N-dibutylaninilo, julolidine, and 5-(piperidin-1-yl)thiophene-2-yl (PIT) groups were employed as electron donors. Table 4 demonstrates that both absorption and emission maxima of polyenes 10 and arylbithiophenes 11 are red-shied with increasing donor strength. However, the rst hyperpolarizability of 10a-c decreased from 150 to 55 Â 10 À30 esu.
According to Blanchard-Desce, 40a this is a consequence of reduced BLA in polyenals with the p-system length as in 10a-c (less balanced D-p-A NLO phore, for the BLA optimization see the further text). In contrast to polyenes 10, arylbithiophenes 11 showed a signicant increase in uorescence and large one-and two-photon brightness reaching the TPA cross-section of 1180 GM, measured for 11c. Hence, arylbithiophenes 11 hold promise as biphotonic uorescent probes for bioimaging.
Tuning of the donor in TPA-active push-pull chromophores 12 has also been demonstrated by Abbotto et al. (Fig. 7 ). 41 They have investigated simple pyridinium salts 12a-e linked to electron rich pyrrole (donor), which was further substituted by methyl and phenyl groups. The pyrrole electron releasing ability and the corresponding ICT and optical properties were nely tuned by minor structural changes, which, however, have a signicant impact on frequency up-converted lasing. Hence, chromophores 12a-e were able to convert easily available infrared laser radiation at 790 nm into more useful visible laser emission over a wide region of the visible spectrum (522-576 nm) via a two-photon absorption-induced uorescence phenomenon.
A proper selection of the donor part of the organic push-pull molecule is also currently a common strategy to improve the performance of the dye-sensitizer in DSSCs. In this respect, arylamines belong undoubtedly to the most widely employed electron-donor moieties. 8 Zhang et al. 42 and Jungsuttiwong et al. 43 have theoretically investigated organic dyes 13 and 14 with various peripheral donors based on a combination of carbazole, triphenylamine and bisuorenyl moieties ( Fig. 8 and Table 5 ).
Both dye-sensitizers 13 and 14 possess a good TiO 2anchoring group (cyanoacrylilic acid) and well-tuned HOMO and LUMO. Whereas the LUMO levels are sufficiently negative with respect to the conduction band of TiO 2 ($3.2 eV), the HOMO levels are close to the redox potential of the iodide/ triiodide couple for efficient dye regeneration. In contrast to the recent concept of D-A-p-A systems, 8a new dye-sensitizers 13 and 14 represent D-D-p-A push-pull molecules. As a general trend, we can observe that the absorption edge of the dye shis bathochromically and the HOMO level and the corresponding E g decreases with increasing number and electron releasing ability of the auxiliary donors. The donating ability of carbazole is generally weaker than that of triphenylamine (e.g. molecules 13a vs. 13b or 14c vs. 14e). 
Tuning through the p-system
The p-conjugated bridge between the electron donor and acceptor is an integral part of the D-p-A system and, therefore, its inuence on the optoelectronic properties will be discussed herein. The p-linker consists of a combination of multiple bonds, aromates and heteroaromates and the basic structureproperty relationships can be demonstrated on the N,N-dimethylamino substituted DCI molecules 1c-6c shown in Fig. 2 . Whereas molecule 1c has the donor connected directly to the DCI acceptor, in chromophores 2c-6c both moieties are separated by an additional p-linker such as 1,4-phenylene (2c), styryl (3c), biphenyl (4c), stilbenyl (5c) and phenylethynylphenyl (6c). The X-ray analyses in Fig. 3 show that particular p-linkers adopt various spatial arrangements. The ve-membered DCI unit connected directly to 1,4-phenylene as in chromophores 2 and 4 adopts a nonplanar arrangement with a torsion angle of 29-33 .
Moreover, both 1,4-phenylene moieties of the biphenyl linker (4) are highly twisted. On the other hand, additional olenic/ acetylenic units as in 3, 5 and 6 caused (partial) planarization of the entire p-system. The HOMO/LUMO and l max values of molecules 1c-6c are summarized in Table 6 and Fig. 9 and 10. As can be seen from Fig. 9 , the most signicant changes are observed in the HOMO levels. Extension of the p-system by one 1,4-phenylene moiety (1c / 2c) lowered the HOMO-LUMO gap by 0.49 eV. Further insertion of an olenic unit between the DCI and 1,4-phenylene parts of the p-linker (2c / 3c) resulted in a drop in E g by an additional 0.35 eV. Despite being longer than styryl, the nonplanar bihenyl p-linker in 4c allows less D-A interaction and, therefore, the HOMO-LUMO gap is raised to 2.64 eV. However, the gap can be lowered by planarization of the p-linker by olenic or acetylenic units as in 5c and 6c. A comparison of 5c and 6c also allowed a demonstration of the "transparency" of the double and triple bond. The HOMO-LUMO gap of 5c is lower by 0.11 eV compared to 6c, which leads to the assumption that, in contrast to a vacuum, 44 the olenic unit allows a higher D-A interaction than the acetylenic one. Hence, the most efficient ICT has been achieved in molecules 2c and 5c bearing fully-planar and transparent styryl and stilbenyl p-systems. Now we can analyse the UV/Vis absorption spectra of 1c-6c ( Fig. 10 , Table 6 ). With the same donor and acceptor, all observed changes must be attributed to the p-linker.
The position of the CT-bands ranges from 293 to 381 nm and is clearly dependent on the length, composition and spatial arrangement of the p-system. Similar trends as seen by the electrochemical measurements can also be concluded from the UV/Vis spectra. Moreover, both the optical and electrochemical gaps showed a very tight correlation ( Fig. S1 , ESI †). Thus, in 1c-6c we can easily modulate the HOMO-LUMO gap and the position of the longest wavelength absorption maxima within the range of 0.95 eV and 88 nm by the extension and variation of the p-system between the N,N-dimethylamino donor and the DCI acceptor. Chromophores 1c-6c were used as efficient NLO phores with tunable optical nonlinearities, pH-and photoinduced NLO switches and uorophores (Table 6) . 35, 45 Property tuning through the extension of the p-system has also been demonstrated on polyenes and polyynes, as shown for example on molecules 10 ( Fig. 7 ) 40a and 8 ( Fig. 6 ). 37 Systematic extension of the central polye(y)ne p-system led to lower electrochemical as well as optical gaps E g . However, it was demonstrated that the nonlinear optical response depends on the degree of BLA. 39d The BLA can be dened as the difference between the average C-C single and multiple bond lengths in the conjugated backbone and arises from the mixing of limiting resonance forms (aromatic vs. quinoid, Fig. 1 ). Hence, the highest NLO activity was encountered for NLO phores with optimized donor-acceptor strengths and BLA (e.g. 10a analogue with ve double bonds possesses a b 0 coefficient of 1000 Â 10 À30 esu, Fig. 7 ). 40a The structure-property relationships in polye(y)nic chromophores were also intensively studied by DFT calculations and various functions and benchmarks were developed to optimize their NLO response. 46 Polyenes end-capped with N,N-dibutylanilino/ tetrathiafulvalene donors and dicyanovinyl/thiobarbituric acceptors 15 and 16a-c were investigated by Kelly et al. 47 and Garín et al. (Fig. 11 , Table 7 ). 48 Compound 15 has been used as a model push-pull chromophore to investigate the effect of polyenic vs. aromatic p-linkers by resonance Raman intensity analysis. It was suggested that the two-state model is more appropriate for polyenic than aromatic chromophores.
Chromophores 16 showed a very narrow HOMO-LUMO band gap of 1.23-1.08 eV. Extension of the polyene backbone caused notable changes in the LUMO energies (E red,1 , Table 7 ) and thus decreased the E g . The observed huge hypsochromic shi with Table  7 ). 49 When going from 17a to 17b and 17c, the CT-bands move bathochromically but the highest NLO response (b 0 ) has been recorded for the 17b bearing olenic unit. The azo linker in 17c must, however, be considered as an auxochrome, which articially red-shis the CT-band. Despite the higher general polarizabilities of olenic and azo p-linkers, their facile isomerization and generally lower stability also makes the acetylenic unit well-balanced in terms of polarizability, stability and synthetic accessibility (e.g. via Sonogashira cross-coupling). Pasini et al. reported on crescent oligo-p-phenylenevinylene (PPV) type push-pull chromophores 18a-c ( Fig. 11) . N,N-Dimethylamino and the less common dimethylmalonate groups were used as donor and acceptor, respectively. 50 As expected, the chromophores showed bathochromically shied l max and enhanced NLO response with increasing number of styryl units. Whereas 18a bearing the shortest p-linker showed a strong emission in the solid state, the emissions of the extended homologues 18b-c were signicantly quenched by aggregation (p-stacking). High quantum yield photoluminescence can be restored in the solution (toluene).
Diederich et al. and Biaggio et al. 22d,51 reported on the synthesis and third order optical nonlinearities of X-shaped donor-substituted cyanoethynylethenes 19 ( Fig. 12 ). Property tuning has been achieved by a systematic extension of the central p-conjugated backbone by olenic and acetylenic units and additional dicyanovinyl (DCV) 30f acceptor moieties.
As can be seen from the data given in Table 8 , an extension of the p-system in DsCEEs reduces the LUMO level (E red,1 ). Hence, the electrochemically measured HOMO-LUMO gap decreases from 2.55 to 1.49 eV. A benecial role of an additional acetylene unit (n ¼ 1, Fig. 12 ) separating N,N-dimethylanilino (DMA) donors from the central conjugated backbone and causing planarization of the entire p-system is also noticeable (compare for instance 19a/19b or 19c/19d). Introduction of an additional DCV substituted branch (k ¼ 1) as in 19g and 19h resulted in a further drop in the E g to 1.49 eV. The optical band gap is red-shied from 2.86 eV (434 nm) to 1.77 eV (700 nm). Thus, extension of the parent CEE scaffold in 19a/19b by properly placed acetylenic and olenic units caused huge tuning of E elchem/optical g by 1.06/1.09 eV (for the correlation of both gaps see Fig. S2 , ESI †). Third-order polarizabilities g rot measured by degenerate four-wave mixing showed very similar trends as seen for electrochemical and optical gaps. X-shaped chromophore 19h with two DMA and DCV units showed the third-order NLO response of 45 AE 20 Â 10 À23 m 5 V À2 kg À1 , which is one of the largest intrinsic second hyperpolarizabilities ever measured. 30a Brédas et al. 52 have theoretically investigated the inuence of the nature of the p-linker on two-photon absorption of quadrupolar molecules 20a-f ( Fig. 13 , Table 9 ). The cyano/N,Ndimethylamino acceptors/donors were appended to the p- Comp. conjugated backbones comprising of phenylenevinylene (20a and 20d-e), thienylenevinylene (20c), polyene (20b) and inden-ouorene (20f) units. Table 9 summarizes one-and two-photon absorption properties (transition dipoles and energies). The calculated TPA cross-sections were dominantly dependent on the ground state polarization given by the quantities M and E. In general, molecules with large transition dipoles and lower transition energies delivered a stronger TPA response. Starting from 20a (stilbene p-linker), switching to the polyenic p-system (20b), less aromatic thiophenes (20c) or elongation/ planarization of the p-linker (20e) allows for an increase in d by a factor of 2-3. On the other hand, extension or geometry restrictions of the p-system by two additional acetylenic units (20d) or indenouorene backbone (20f) have a diminished effect.
Heteroaromatic p-systems
Besides the commonly used aromates (benzenoids) and multiple bonds, the p-conjugated backbone of push-pull molecules can also be constructed from heteroaromates. In recent years, D-p-A systems based on heteroaromatic scaffolding have attracted considerable attention of organic and material chemists. 15, 17, 53 It has been realized that incorporation of a heterocyclic moiety into the chromophore backbone leads to the following: higher chemical and thermal robustness auxiliary electron donor or acceptor effects considerably enhanced polarizability conformational stability non-centrosymmetry acid-base and chelating properties easy synthesis and further modication improved solubility possible biological properties In this respect, thiophene is undoubtedly among the most explored ve-membered heterocyclic moieties, and has already found manifold applications in modern organic electronics and photonics. 11 In 2012, we have investigated the extent of D-A interaction over the two most popular p-conjugated units -1,4phenylene and 2,5-thienylene p-linkers. 54 A series of een model compounds bearing a ferrocene donor and nitro acceptor have been synthesized and further investigated by crystallography, electrochemistry, UV/Vis spectra and calculations. In the chosen chromophores 21a-c (Fig. 14) , the 1,4phenylene units were systematically replaced with the 2,5-thienylene ones.
In contrast to the raised HOMO level caused by the extension and planarization of the p-system (see Fig. 9 ), gradual replacement of 1,4-phenylene moieties with 2,5-thienylene ones mainly lowered the LUMO levels ( Fig. 15 , Table 10 ). Hence, replacement of the rst 1,4-phenylene unit resulted in a decrease of E g from 1.51 to 1.34 eV. Replacement of the second 1,4-phenylene unit affected the HOMO-LUMO gap only negligibly. However, going from 21a / 21b / 21c, the absorption spectra ( Fig. 16 ) showed a gradual red-shi by 52/28 and 24/29 nm. Moreover, the intensity (3) of the weakly observed LE band (Fe / NO 2 / HOMO / LUMO transition) in 21a increased by 3200 and 5700 M À1 cm À1 , respectively. Chromophore 21c, bearing two thiophene rings with the highest ground-state and vertically-excited state dipole moments showed the most bathochromically shifted and pronounced CT-band with l LE max ¼ 525 nm. Thiophene as a part of the p-system of push-pull molecules has also been investigated by Rao et al. 55 Dialkylamino and DCV end-capped push-pull molecules 22a-f ( Fig. 17 ) were investigated as tunable NLO phores. The property tuning has been achieved either by replacement of one or both 1,4-phenylene moieties in the parent molecule 22a (/ 22c / 22f) or by oligomerization of the vinylenethienylene moiety as in molecules 22b-e. Both strategies led to signicant red shi as well as increased NLO response (Table 11 ). It is worth mentioning that gradual addition of the vinylenethienylene moiety and observed increase in the NLO response in 22b-e showed very tight linear correlation with the number of p-electrons (n p ) localized between the N,N-diethylamino donor and the DCV acceptor ( Fig. S3 , ESI †). In contrast to benzenoids, no NLO saturation was observed in the NLO phores bearing vinylenethienylene plinkers. A similar set of push-pull molecules has also been experimentally and theoretically investigated by Wong et al. 56 with the same outcome.
In 2004, Moylan et al. 57 have reported on two isomeric chromophores 23a-b (Fig. 17) . The effect of the thiophene position within a D-p-A molecule has been studied. It was found that the thiophene on the donor side as in 23b produces a larger dipole moment; however, the isomer 23a with thiophene on the acceptor side showed a higher SHG response and has a higher gure of merit for NLO device applications (Table 11) .
Raposo et al. 58 have investigated structure-property relationships in push-pull oligothiophenes 24a-c both experimentally and theoretically (Fig. 18 ). The property tuning has been achieved by gradual elongation of the central oligothiophene scaffold end-capped with the PIT donor and the DCV acceptor. In contrast to the steady bathochromic shi seen in vinylenethienylene chromophores 22b-e (Table 11) , the longestwavelength absorption maxima in 24a-c showed the maxima for terthiophene 24b (l max ¼ 569 nm, Fig. 18 ). Push-pull chromophore 24b showed the NLO response (mb) of 1150 Â 10 À48 esu, which is less than half of that measured for the extended analogous 22f (2600 Â 10 À48 esu, Table 11 ). 59 Hence, planarization of the oligothiophene backbone by an additional olenic unit plays a very crucial role in tuning the (non)linear optical properties. Auxiliary donor-acceptor effects of (hetero)cyclic rings incorporated into the p-linker were theoretically studied by Ratner et al. 60 The NLO responses were studied in terms of electron excessivity/deciency of the appended (hetero)ring as well as its aromaticity. Two model D-p-A patterns were investigated in which the NH 2 donor and the NO 2 acceptor were connected to the ve-membered electron rich (hetero)cycle and the phenyl ring (25a-f) and vice versa (26a-f, Fig. 19 ). The calculated properties summarized in Table 12 allow us to distinguish the electron density effects and aromaticity. Whereas the most bathochromically shied l max (588 nm) and largest NLO response (237.8 Â 10 À30 esu) were calculated for 25b, with the NH 2 donor appended to the electron rich cyclopentadienyl (Cp), the least electron excessive/most aromatic thiophene (25f) showed a hypsochromically shied CT-band (402 nm) and weak NLO response (43.9 Â 10 À30 esu). On the other hand, the most electron excessive Cp ring in 26b showed a strongly hypsochromically shied CT-band (440 nm) and extremely small NLO coefficient (14.7 Â 10 À30 esu). The largest b value (45.0 Â 10 À30 esu) within series 26 has been calculated for compound 26f bearing the aromatic thiophene. Hence, the arrangement of the electron donors and acceptors around the p-conjugated backbone must be well considered when designing a push-pull molecule. Similar relations can be concluded also from the theoretical work of Chandrasekhar et al. 61 Namely, the NLO response of a D-p-A molecule depends strongly not only on the nature but also on the location of the heterocyclic ring within the p-linker. For example, a better NLO response can be achieved by placing the electron excessive pyrrole ring close to the D part. The position of a furane unit has a diminished effect, while the aromatic thiophene ring placed close to the A part leads to an enhanced b coefficient.
The length, composition and arrangement of the p-linker play a crucial role, not only for the NLO phores. Since the rst Ru-sensitized DSSC reported by Grätzel in 1991, 62 push-pull molecules have also found wide applications as pure (non-Ru) organic photosensitizers (donors). More recently, it has also been realized that optical properties, HOMO/LUMO gap, chemical/thermal stability and energy conversion efficiencies of a DSSC can efficiently be affected by alternation of the plinker. 63 A series of thienylene-derived p-conjugated molecules, 27a-e, which feature a N,N-diphenylamino donor and cyanoacrylic acid acceptor, and a systematically extended p-linker, has been synthesized by Hagfeldt et al. (Fig. 20) . 64 A systematic extension and planarization of the p-conjugated path as in the series 27a / 27b / 27d / 27c / 27e led to gradual decrease of the HOMO/LUMO energies as well as to bathochromic shi of the longest-wavelength absorption maxima up to 463 nm (Table 13 ). However, the highest performance has been measured for the DSSC based on 27d (h ¼ 3.08%) The longer (Fig. 20) . 65 The p-linker has been tailored by incorporation of furan, thiophene and 3,4-ethylenedioxythiophene (EDOT) units. Taking dye 28a as a standard, the phenothiazine donor linked to a cyanoacrylic acid acceptor through the aforementioned three p-linkers resulted in a small band gap and red-shied absorption. Sensitizer 28b, featuring furan within the p-system, showed the highest solar energy-toelectricity conversion efficiency h ¼ 6.58%, which is 24% higher than that achieved for 28a. DSSC based on chromophores 28c/d with thiophene and electron excessive EDOT showed lower efficiencies and overall performance.
Wang et al. have studied the effect of ve-membered heteroaromates such as (bi)furan, (bi)thiophene and (bi)selenophene incorporated into the backbone of push-pull dyes 29a-f on the DSSC performance ( Fig. 20) . 66 The data in Table 13 nicely demonstrates the impact of the extension and heteroatom replacement within the p-linker on the electrochemical HOMO-LUMO gap and optical properties, as well as the DSSC efficiencies. In accordance with the previous work of Hagfeldt and Kim, dyes featuring furan as part of the p-linker generally showed higher efficiencies than those with thiophene (compare for instance pairs of chromophores 29a/29c and 29b/29d, Table 13 ). Selenophene showed even better performance than furan (e.g. 29e/f vs. 29a/b). Sensitizers 29b, 29d and 29f with extended p-linkers comprising two consecutive heterocyclic units (n ¼ 2) performed generally better in DSSCs than the analogous 29a, 29c and 29e (Table 13 ). In contrast to the application of push-pull molecules as NLO phores, their performance in DSSCs is less predictable. However, pushpull molecules bearing furan as a part of the p-system seem to be more promising compared to the thiophene analogues.
Proaromatic p-systems
Electronic polarization, arising from an applied electric eld, of push-pull molecules bearing a ground-state aromatic p-linker (e.g. 4-nitroaniline, Fig. 1) , is impeded by the concomitant loss of the resonance stabilization. Hence, the effective D-A coupling (ICT process) of a given donor/acceptor pair is suppressed, and formation of the quinoid/zwitterionic structure is rather disfavoured. As a consequence, such molecules generally deliver weak NLO responses. In 1991, Marder et al. came up with a new approach for optimizing the hyperpolarizability of p-conjugated molecules. 67 This concept, later named as proaromatic p-linkers/spacers, has recently gained considerable attention as an important tool to achieve property tuning in D-p-A\D-Q-A systems. Marder has originally demonstrated the impact of such structural changes on N,N-dimethylaminonitrostilbene 30 (DANS, Fig. 21 ) vs. N,N-dimethylaminoindoaniline 31 (DIA, Fig. 21) .
Considering DANS as a standard NLO dye, 68 the absorption maxima and b 0 coefficient of DIA were signicantly red-shied and almost two times higher, respectively. With the same DMA donors, this effect must be attributed to the proaromatic (quinoid) indoaniline acceptor, which gains aromaticity upon excitation (reversal to the resonance forms shown in Fig. 1 ). In fact, either the acceptor/donor or both quinoid parts may be present in the currently known proaromatic push-pull molecules. Diederich 69 et al. have shown tripodal push-pull molecules 32a-d bearing a proaromatic withdrawing moiety structurally similar to 31. However, due to the presence of an additional DCV unit, it represents an even stronger electron acceptor (Fig. 22) . 69 Molecule 32a has also been reported by Oda. 70 In contrast to 32a-b, molecules 32c-d were oxidized (quinoid) only partially. Further expansion of the benzoquinone ring has been demonstrated by the synthesis of the radiaannulene quinoid molecule 33. Evidence of proaromaticity has been presented in terms of structural, spectroscopic, electrochemical and computed data (Table 14) . When comparing a pair of fully/partially quinoid chromophores 32a/32c the HOMO-LUMO gap decreased from 1.83 to 1.47 eV and the absorption maximum was red-shied by 170 nm. Extension of the p-system by two additional acetylenic spacers (32c / 32d) had a diminished effect, whereas insertion of an additional benzoquinone ring as in 32b shied the rst oxidation potential to negative values; the HOMO-LUMO gap was reduced to 0.91 eV and the longest-wavelength absorption maximum reached the NIR region (845 nm). This series of molecules nicely demonstrates how powerful tuning through proaromatic spacers can be (DE g ¼ 0.92 eV, Dl max ¼ 317 nm). Moreover, the observed negative solvatochromism further conrms the strong charge-separation in the ground state. Radiaannulene 33 showed electrochemical and optical properties at the level of chromophores 32a/32d.
Currently well-elaborated proaromatic electron donating groups comprise mostly 4H-pyran-4-ylidene, 12 pyridine-4-ylidene 71,72 and 1,3-dithiol-2-ylidene (dithiafulvene) 73, 74 (Fig. 23) .
4H-Pyran-4-ylidene and its application as an electron donor has been extensively studied by Garín et al. 12a,b For instance, they have studied push-pull molecules 34a-d (Fig. 24 ) endcapped with a proaromatic donor and tricyanofuran (TCF) acceptor with systematically extended polyenic central spacer. Later on, the pyran moiety has also been used as a central spacer and the linear chromophore arrangement as in 35a-b has been completed with the V-shaped molecule 36 (Fig. 24 ). The fundamental optoelectronic properties and optical nonlinearities of these molecules were further investigated (Table 15 ). Gradual extension of the polyenic central spacer in 34a-d reduced the HOMO-LUMO gap and red-shied the l max up to 688 nm. The NLO response (mb 0 ) increased dramatically from 90 (34a) to 3110 Â 10 À48 esu (34d). Similar trends can be seen in molecules 35a-b; however when going from 35a to 36 (linear vs. V-shaped arrangement), the second p-conjugated branch in 36 had a small inuence on the optoelectronic properties (Table 15 ). Dipolar and quadrupolar organic dyes with a diphenylmethylenepyran donor were also studied by Achelle et al. (Fig. 25 and Table 16 ). 12d Linear molecules 37a-d were synthesized by Wittig olenation, Sonogashira cross-coupling and eventually Knoevenagel condensation. Bismethylenepyran derivative 38 was prepared by oxidative dimerization of 37a in the presence of a I 2 /Na 2 S 2 O 3 oxidation/reduction system. In contrast to the extension of the p-system as in 34a-d (Table 15 ), variation of the peripheral acceptor (CN / NO 2 / CF 3 / DCV) did not affect the electrochemically measured rst oxidation and reduction potentials. This can be explained by the formation of a pyrylium radical 34 + c, which undergoes facile electrochemical dimerization to bispyrylium compounds similar to 38 2+ . The longest wavelength absorption maxima of 37a-d and 38 shi slightly bathochromically with increased electron withdrawing ability of the appended A-groups. The highest NLO coefficient has been measured for DCV-substituted derivative 37d (mb ¼ 1150 Â 10 À48 esu); quadrupolar derivative 38 showed average NLO performance.
4-Methylene chalcogenapyrans as proaromatic donors were also utilized in the synthesis of push-pull Fischer type carbene complexes 39a-c (Fig. 26 ). 12c Depending on the chalcogen atom involved, these molecules exhibited (non)linear optical properties with l max ¼ 594-613 nm and mb ¼ 1219-2348 Â 10 À48 esu, respectively. Thiopyran-based molecule 39b delivered the strongest NLO response.
A series of molecules 40a-c was prepared by Woolhouse et al. (Fig. 27, Table 17 ). 71 In these molecules, proaromatic pyridine-4ylidene and TCF act as electron donor and acceptor, respectively. When comparing 40a-c with isolobal 34a-c (Fig. 24) , the later series showed a more rapid bathochromic shi and a larger increase in the NLO coefficient, accompanied by the extension of the polyene spacer. Abbotto et al. focused on the synthesis and thorough structure-property relationships study on molecules 41a-c bearing pyridine-4-ylidene donor gradually annulated with one or two benzene rings (quinoline and acridine derivatives, Fig. 27 ). 72 As can be seen from the data given in Table 17 , fusion of the benzene(s) to the pyridine-4-ylidine donor red-shis the absorption maxima and the NLO coefficient to positive values. It was concluded that 41a-c are highly polarizable molecules, primarily zwitterionic and their NLO response strongly depends on the environment (solvent/matrix). In general, the NLO activity estimation should be carried out in various media to avoid unfortunate choice of solvent as dictated by instrumental availability and solubility properties.
Garín et al. have also investigated proaromatic dithiafulvene donor moiety attached either on 1,1,3-tricyano-2-phenylpropene (42) or TCF (43) acceptors (Fig. 28) . 73, 74 As expected, the HOMO-LUMO gap was narrowed, the l max was shied bathochromically and the NLO coefficient was raised with extension of the central olenic backbone (Table 18) . A comparison of molecules 34c (E g ¼ 1.45 eV, l max ¼ 1.84 eV and mb 0 ¼ 1520 Â 10 À48 esu), 40c (l max ¼ 2.02 eV and mb 0 ¼ 8900 Â 10 À48 esu) and 43b (E g ¼ 1.47 eV, l max ¼ 1.69 eV and mb 0 ¼ 1938 Â 10 À48 esu) bearing TCF acceptor, the same polyenic spacer (n ¼ 2) and differ only in the attached proaromatic electron donor seems to be reasonable at this point. Molecules 34c and 43b having 4H-pyran-4-ylidene and dithiafulvene donors showed very similar electrochemical and optical gaps. The optical gap of pyridine-4-ylidine-substituted chromophore 40c is higher by more than 0.2 eV but this molecule delivered 4-5 times stronger NLO response than analogues 34c and 43b. However, an articial enrichment of this value due to the used calculated dipole moment m cannot be excluded.
Anyway, very similar trends can be seen in the comparative study carried out by Garín et al. 75 Three analogous molecules 44, 45 and 46 (Fig. 29) bearing the aforementioned proaromatic donors were synthesized and investigated. Despite its highest electrochemical and optical gaps, the NLO performance of pyridine-4-ylidene-substituted derivative 45 is 4 to 6-times higher than that of 44 and 46. Hence, pyridine-4-ylidenene proaromatic donor seems to be the most efficient one when designing new NLO phore with high nonlinearities.
A combination of proaromatic donor and acceptor parts would render the most powerful D-Q-A chromophores. The rst synthesis of such fully quinoid push-pull molecules 47 carried out by Gompper et al. can be dated back to 1966-1968 ( Fig. 30) . 76 In late 90's, extended molecules 48-51 were prepared and spectrally/electrochemically investigated by Otsubo 77,78 and Bryce 79 (Fig. 30 ). As can be seen, extension of the parent molecule 47 by an additional benzoquinone ring (48) shied the absorption maxima by 400 nm. Likewise, whereas chalcogen exchange in 49 did not signicantly affect the optical properties, extension of the p-system by one additional thienylene unit resulted in chromophores 50a-b with the absorption maxima exceeding 700 nm. Property tuning in anthraquinone-derived molecules 51a has been accomplished by attaching stronger DCV and N-CN acceptors. This provided chromophores 51b-c Deduced from the electro-optical absorption and UV/Vis spectra using a two-level model, in 10 À50 CV À2 m 3 (dioxane).
Fig. 28
Dithiafulvene proaromatic donors in push-pull molecules. with narrowed band gaps and bathochromically shied CTbands. Novel doubly proaromatic NLO phores 52-57 were investigated by Garín et al. (Fig. 31) . [80] [81] [82] In molecules 52 and 53 is the 4,5-dimethyldithiafulvene donor linked via expanded olenic bridge to proaromatic thiobarbituric acid. Extension of the psystem lowered the HOMO-LUMO gap, red-shied the CT-band and increased the NLO coefficient mb 0 (compare pairs of chromophores 52a/52b or 53a/53c, Table 19 ). Although well polarizable, polyenic spacers oen suffer from thermal, chemical and conformational instability. This is also the reason why molecule 53b was not isolated. However, a comparison of 52b and 53a possessing the same number of double bonds (pelectrons) and conformationally (un)locked p-system, reveals that the latter (isophorone-locked) features narrowed band gap and two-times higher NLO response. Very similar conclusions can also be evaluated from the series 54a-c and 55a-c in which the six-membered thiobarbituric acid acceptor was replaced by ve-membered isoxazolone. A comparison across both series reveals similar electrochemical gaps, slightly hypsochromically shied CT-bands for isoxazolone-substituted molecules 54 and 55 (an additional blue-shi observed for isophorone-bridged molecules 55a-c is also noticeable) and generally higher nonlinearities measured for isoxazolone derivatives 54 and 55 (compare for instance pair of chromophores 52b/54b and 53c/ 55c, Table 19 ). Effect of benzo-annulation was demonstrated on molecules 56 and 57. Likewise to observation on annulation at pyridine-4-ylidene donor made by Abbotto (41a-c, Fig. 27 and Table 17 ), chromophore 57 showed bathochromically shied CT-band and positive value of mb 0 (Table 19 ). This further implies that NLO phore 56 possesses considerably zwitterionic (quinoid) ground state which was also evidenced by X-ray analysis and DFT calculations.
Tuning through the acceptor
The property tuning in D-p-A molecules can also be accomplished via alternation, addition and position of the acceptor part. The A-part is most frequently represented by functional groups with negative resonance and inductive effects such as cyano, nitro and carbonyl as well as their combinations.
For example, a variation of electron withdrawing groups on the amino-substituted styrenes 58a-c and diphenylacetylenes 59a-f has been performed by Cheng et al. (Fig. 32 , Table  20 ). 37a,39b From the data given in Table 20 we can deduce that nitro and cyano groups induce the most efficient ICT in the push-pull molecules and thus red-shi the absorption edge and increase the rst-order hyperpolarizability. The formyl group also seems to be very powerful, however this moiety is chemically much more reactive and therefore less commonly used. Moderate polarizations/nonlinearities were observed for molecules 59a-59d bearing acyl, benzoyl methoxycarbonyl and methylsulfonyl groups.
Vivas et al. carried out a comprehensive structure-property relationships study on non-centrosymmetric two-photon absorbing molecules 60a-f based on triarylamine (Fig. 33 ). 83 The property tuning has been accomplished by variation of the acceptor group A appended at one of the aryl rings (Table 21) . On increasing the electron withdrawing capability of A (from 60b to 60f, Table 21 ), the absorption and emission maxima shi bathochromically, and the changes in dipole moment and degree of ICT increase from 9-13.5 D and 34 to 54%, respectively. As expected, the DCV acceptor causes the highest polarization. More importantly, the measured TPA cross-section mimics similar trends with the highest TPA coefficient s ¼ 125 GM measured for 60f.
The aforementioned examples imply that replacing simple electron withdrawing groups (e.g. CN or NO 2 ) with more structurally complex electron accepting moieties (e.g. DCV) leads to push-pull molecules with signicantly enhanced ICT. In this respect, various (hetero)aromates were utilized, not just as spacers and auxiliary donors (see above), but also as powerful electron acceptors. Several examples of property tuning through the acceptor are shown in Fig. 34 .
Dimethylanilino-substituted D-p-A uorescent thiophenes 61a-c were prepared and investigated by Blanchard-Desce and Raposo. 40b, 84 Gradual replacement of the formyl group in 61a by DCV (61b) and N,N 0 -diethylthiobarbituric acid (61c) acceptors led to bathochromic shi of the longest-wavelength absorption maxima and increased two-photon absorption cross-section, as well as higher thermal stability (Table 22 ). Moylan et al. carried out property tuning through the acceptor in a series of azo NLO phores 62a-c (Fig. 34 ). 49 The aromatic 4-nitrophenyl acceptor (62a) has been replaced by heteroaromatic 5-nitrothiazole (62b) and 6-nitrobenzo [d] thiazole (62c). These structural changes resulted in chromophores with red-shied l max , higher groundstate dipole moments and rst-order hyperpolarizabilities b 0 within the range 57-71 Â 10 À30 esu. Thermal stability of 62a-c up to/over 300 C is also noticeable. Thiobarbituric acid, although considered to be a very strong electron acceptor, can be replaced by the even stronger 3-dicyanomethylene-2,3-dihydrobenzo [d] thiophene-1,1-dioxide as in 63a-b (Fig. 34 ). 40a Both chromophores showed the same ground-state dipole moments and similar changes upon excitation. However, with the same donor and p-linker as in 63a, 63b features a bathochromically shied CT-band by 106 nm and 1.3-times higher nonlinearity. An interesting comparison of electron acceptors involving benzo [d] furan-3-one (64a), dicyanovinyl (DCV, 64b), N,N 0diethylthiobarbituric acid (64c) and 3-(dicyanomethylene) indane-1-one (64d) and their impact on (non)linear optical properties has been demonstrated by Roncali et al. (Fig. 34 ). 85 The rigidied bithiophene central spacer end-capped with a DMA donor and gradual replacement of acceptors allowed optical tuning by 176 nm and increased the NLO response by almost 4-times. Hence, 3-(dicyanomethylene)indane-1-one proved to be the strongest donor in this series.
Based on our recent contributions, dicyano-substituted (hetero)aromatic acceptor units based on imidazole, benzene and pyrazine can be compared with barbituric acid here. Yshaped dicyanoimidazole (DCI), 32 X-shaped dicyanobenzene (DCB) 86 and dicyanopyrazine (DCP), 23 as well as N,N 0 -dibutylbarbituric acid (BA) 87 derivatives 2c and 65-67 saturated by one or two DMA donor(s), can be chosen as model push-pull molecules (Fig. 35) . Table 23 and the energy level diagram in Fig. 36 summarize the electrochemical and optical data as well as the measured NLO properties. As expected, the main changes in frontier orbitals are observed in the LUMO while the HOMO remained almost unaltered (E HOMO ¼ 5.27-5.42 eV). When going from ve-membered DCI (2c) to six-membered DCB (65) and DCP (66) acceptors, the HOMO-LUMO gap decreases stepwise by roughly 0.3 eV. The lowest gap was measured for DCP and BA derived compounds 66 and 67. Thus, DCI seems to be the weakest electron acceptor (two cyano groups attached at electron excessive imidazole), DCB behaves as a "standard aromatic acceptor" while replacement of two CH groups by nitrogens as in DCP narrowed the gap by an additional 0.3 eV (two cyano groups attached at the electron poor pyrazine).
One has to take into consideration that DCI is saturated by one DMA donor, whereas DCB and DCP are saturated by two Fig. 35 ), whereas an additional methylene bridge in 67 causes planarization of the p-system (torsion angle about 4 ). A signicant twist of DMA(s) in 2c, 65 and 66 is most likely caused by the steric repulsion of the ortho-hydrogens and represents an additional barrier to efficient ICT. The UV/Vis absorption spectra of 2c and 65-67 are shown in Fig. 37 ; the longest-wavelength absorption maxima are presented in Table 23 . The optical properties mimic the trends seen by electrochemical measurements (E g ) with Dl max of 155 nm. DCP-and BA-derived molecules 66 and 67 showed the most red-shied CT-bands. Moreover, two particular CT-bands were observed for X-shaped molecule 66 and less developed also for 65. These bands are most likely originated by multiple interactions of each peripheral donor and the particular CN acceptor (Fig. 37) . DCP-derivatives also proved to be very efficient and tuneable photoredox catalysts. 23b In principle, the withdrawing ability of azo-heterocyclic acceptors can further be improved by quaternization (see for instance molecules 12a-e, Fig. 7 ) 41 or chelation by a (transition) metal. 88 Electronic performance of the most frequently used cationic acceptor, pyridinium, can be for instance compared with fused ve-membered benzo [d] thiazolium, as shown by Coe et al. (Fig. 38) . 89 Replacing the pyridinium acceptor in chromophoric cations 68 led to 69 with reduced HOMO-LUMO gap, red-shied CT-band and pronounced NLO response measured by HRS at two laser frequencies (Table 24 ). Hence, the benzothiazolium ion can be considered as a stronger electron acceptor than the pyridinium ion. Further property tuning in 68-69 has been achieved by extension of the central olenic spacer, which could also be substituted by thienylene units, as demonstrated by Clays et al. 90 Barbituric acid related push-pull derivatives 70-73 were targeted in a brief contribution of Ikeda et al. (Fig. 39 ). 91 In these molecules, the DMA donor was linked to N-unsubstituted barbituric acid (70), thiobarbituric acid (71), hydantoin (72) and rhodanine (73) . When going from barbituric acid to thiobarbituric acid acceptors (70 / 71), the measured linear and nonlinear optical properties (l max and mb 0 ) were shied by 30 nm and 520 Â 10 À48 esu, respectively. This enhancement was attributed to the chalcogen effect. On the other hand, contraction of the six-membered BA derivative 70 to the hydantoin derivative 72 resulted in considerable hypsochromic shi and diminished NLO response. Compared to 72, two sulphur atoms in rhodanine derivative 73 shied the CT-band by 90 nm and renewed the large NLO response (mb 0 ¼ 1050 Â 10 À48 esu). Hence, the ring size and heteroatoms attached on it may play a very crucial role in the overall performance of the given heterocyclic acceptor.
Garín et al. have demonstrated property tuning through acceptors on push-pull molecules 74-78 ( Fig. 40 and Table 25 ) comprising a proaromatic pyran-4-ylidene donor and complex acceptor groups such as thiobarbituric acid (74) , isoxazolone (75), phenyl-and amino-substituted tricyanopropene (76 and 77) and tricyanofuran (78) . 12a The lowest electrochemical gaps were recorded for tricyano-substituted derivatives 76 and 78, which also reects their most bathochromically shied CT- bands, highest calculated dipole moments and their changes upon excitation, as well as the largest NLO response. In this respect, the TCF acceptor imbues the p-conjugated backbone with the strongest electronic effects and, in combination with the proaromatic pyran-4-ylidene donor, signicantly polarizes the whole molecule. This A/D combination yields the very efficient NLO phore 78 with a mb 0 value of 1520 Â 10 À48 esu. The powerful accepting behavior of the TCF acceptor has further been investigated by Robinson et al. 92 They developed molecules 79 and 80 (Fig. 41 ), which have a ferrocene donor connected via a thienylenevinylene bridge to the TCF and CF 3 -PhTCF acceptors. The electron withdrawing properties of the latter one were improved by attaching nonconjugated CF 3 and Ph groups. This relatively small but subtle structural change resulted in a signicant red-shi of both high/low-energy (HE/LE) CT-bands and 1.2 times higher nonlinearity measured for 80.
Acceptor variation as a powerful tool for tailoring the properties of simple thiophene-based chromophores 81-90 ( Fig. 42) , with prospective applications ranging from photorefractive (PR) materials to BHJ solar cells, has been shown by Würthner et al. 93, 94 Molecules 81-83, 85-86 and 90 were applied as active materials in solution-processed BHJ solar cells, while the remaining ones were tested as PR materials (Table 26 ). In a series of indane-1,3-dione derived chromophores 81-83, the electrochemical gap decreases steadily from 2.39 to 1.87 eV with increasing withdrawing ability of the acceptor moiety. This observation is also consistent with their CT-bands being red-shied by 168 nm. Five-and six-membered heterocyclic moieties in 85-86 and 90 showed electrochemical gaps and positions of the longest-wavelength absorption maxima in a similar range as 82-83. However, their ground-state dipoles are twice as large, whereas the change upon excitation is diminished. This implies that, in contrast to indane-1,3-dione acceptors in 81-83, the structure of heterocyclic moieties in 85-86 and 90 (thiazole and tetrahydropyridine-2,6-dione derived) is shied towards a zwitterionic character. OPVC devices based on these molecules and the PC 61 BM acceptor showed FF and power conversion efficiencies within the range 0.27-0.41 and 0.5-2.3%, respectively, with the highest performance measured for 82 bearing a 3-(dicyanomethylene)indan-1-one acceptor. Further optimization studies using this compound and different acceptors resulted in a device with power conversion efficiencies up to 4.5%. Chromophores 81, 84 and 87-89 with indane-1,3-dione, thioxothiazolidinone, isoxazolone, pyrazolidinedione and thiophene derived acceptor units showed CT-bands around 500 nm (except for 89) and generally lower ground-state dipole moments as compared to [85] [86] . Whilst the photorefractive gures-of-merit F 0 of 81, 84 and 87-88 are relatively low ($0.3), the thiophene based chromophore 89 showed a considerably higher dipole moment as well as F 0 ¼ 1. 44 . Moreover, its narrow band absorption represents another signicant advantage over the currently available PR chromophores and could lead to applications in optical laser devices.
Conclusions
In view of the current manifold applications of organic pconjugated systems end-capped with electron donors and acceptors, understanding of their structure-property relationships seems to be crucial. Fundamental aspects of the property tuning in push-pull molecules summarized in this article are primarily aimed at the design of new D-p-A systems with improved/tailored properties such as FMO levels and electronic absorption/emission behaviour. The property tuning has been demonstrated by variations of particular D, p and A components of a push-pull molecule. The currently well-established and easily accessible electron donating groups involve aromatic amines (typically N,N-dimethylanilino (DMA), N,Ndiphenylanilino (DPA), julolidine, carbazole), electron rich vemembered heterocycles such as thiophene or pyrrole (auxiliary donors), N,N-dialkylaminothiophene (typically piperidylthiophene (PIT)), tetrathiafulvalene (TTF) and metallocenes (typically ferrocene, dual donor). The main advantage of the amino-derived electron donors can be seen in their highly positive mesomeric effects (Table 1) , synthetic availability and modularity and the possibility of a substitution with long alkyl chains, which supports good solubility of the chromophore (the eternal problem of push-pull molecules). Besides these "standard donors", proaromatic electron donors such as 4-pyran-4ylidine, pyridine-4-ylidine and dithiafulvene were introduced in the early 90's. In a combination with strong acceptors, these moieties impart very strong ICT into push-pull molecules. An overview of powerful electron donors is shown in Fig. 43 . Property tuning can also be achieved by varying the pconjugated backbone connecting the D and A parts. The plinker is most commonly constructed by a combination of multiple bonds and (hetero)aromatic units. Whereas the D-A interaction across a polyene is generally high, such D-p-A molecules oen suffer from thermal/chemical instability and geometric isomerization. On the other hand, rod-like polyynes are more stable but "less transparent", due to the presence of more electronegative sp-hybridized carbons. A polarization of aromatic units (typically 1,4-phenylene unit) is accompanied by a loss of aromatic stabilization, which is directed against an efficient ICT. Hence, heteroaromatic/proaromatic units became more and more frequently employed as parts of the p-linker. In this respect, 2,5-thienylene and related spacers played very prominent role and became recognized as easily-accessible, polarizable and thus very popular p-conjugated bridges. In any case the overall performance of the given p-linker must be elucidated in terms of the D/A pair attached, its length, composition, planarity and degree of BLA.
As a matter of fact, electron withdrawing groups in push-pull molecules are more diverse than electron donors. Besides the common cyano and nitro groups, the modern push-pull molecules are equipped with more complex withdrawing moieties (Fig. 44 ). For instance, replacing the cyano by dicyanovinyl (DCV) acceptor groups may shi the longest-wavelength absorption maxima by more than 100 nm and narrowed the HOMO-LUMO gap by up to 1 eV. Malonic acid-derived acceptors such as DCV, cyanoacetic (cyanoacrylic) acid or (thio)barbituric acids (BA and TBA) proved to be a very powerful family of acceptors used in NLO or OPV devices. 1,3-Dicarbonyl compounds represent another more complex acceptor units. Indane-1,3-dione belongs to this type of acceptor, in which the withdrawing ability can further be tailored by appending one/ two additional DCV units or a sulfoxide group. Moreover, both types of these acceptor units can be easily introduced via Knoevenagel condensation with donor-substituted carbonyl compounds.
In principle, almost all (hetero)aromatic scaffolds can be used as more or less efficient electron acceptors if properly substituted and arranged. The most widely employed are electron poor six-membered heterocycles such as (di)azines. Their electron accepting behaviour can be nely tuned by protonation, alkylation or (transition) metal coordination. Pyridinium and quaternized benzo [d] imidazole and benzo [d] thiazole derivatives are well known and easily available. However, the Fig. 43 Representative electron donors in push-pull molecules. ionic chromophore, with its solubility limited to only polar solvents, may represent an obstacle to its further (opto)electronic applications. We have recently introduced pyrazine/ benzene-derived DCP/DCB electron acceptors on which Xshaped push-pull chromophores can be built. Dicyanoimidazole (DCI) can also be used in Y-shaped push-pull molecules, where it is considered as an acceptor with moderate withdrawing character. Five-membered heterocycles such as hydantoin and rhodanine are much powerful electron acceptors than imidazole. The chalcogen effect (O / S replacement) in these units is even more pronounced than in BA / TBA derivatives. The isoxazolone unit also showed a noticeable electron withdrawing ability. The DCV unit connected to a quinoid scaffold (typically benzoquionone) has been demonstrated as a powerful electron acceptor moiety a long time ago. However, appending the DCV unit to a heteroaromatic ring such as thiazol, thiophene or furan afforded a new class of very powerful proaromatic acceptors. These units showed considerably enhanced electron withdrawing ability compared to all preceding acceptors. The ne property tuning of the tricyanofuran (TCF) unit by subtle structural changes further enhances its accepting behaviour as shown by CF 3 PhTCF.
